We have developed a simple and small thermal link for cooling a cylindrical cartridge, on which device under test is mounted. It consists of a crown-like ring with an inner diameter of 170 mm or 140 mm and a clamping belt, which is a metal spring or nylon. A thermal conduction of the thermal link is achieved as the crownlike ring clamps the disk-like stage of the cartridge with external force of a clamping belt. This link can be applied at various temperature ranges from 2 K to 100 K. The measured thermal conductance of the 170 mm link is 1.7, 5.6 and 3.3 W K −1 for 4, 12, and 80 K stages, respectively. These values are consistent with a empirical calculation within 10 % errors. This link is also effective to reduce mechanical vibration to be 6 µm (peak-to-peak) in the horizontal direction of the cartridge. This link is easily fabricated and is useful to various detectors which require to be cooled down.
Introduction
A thermal link between a closed-cycle mechanical cooler and devices such as superconductinginsulator-superconducting tunnel junction (SIS) mixers to be cooled is widely developed to reduce cryocooler vibration. A high purity copper braid is generally used for a flexible thermal link, which absorbs the vibration (e.g. [ 
1] [2] ).
A SIS mixer is widely used to detect weak signals from astronomical objects in submillimeter and millimeter astronomy (eg. [3] ). Many sensitive Nb-based SIS mixers are operated at 4 K with mechanical cryocoolers in ground-based radio astronomy (eg. [4] ). In a cryogenic system for SIS receivers, mechanical vibration and temperature ripple associated with cryocooler strokes must be reduced in order to achieve high sensitivity and stability of gain and phase of astronomical signals. For submillimeter-wave receivers as an example, the mechanical vibration should be reduced to 16 µm or less at 950 GHz (λ/20) and a tolerable value of temperature ripple is about < 100 µK for astronomical continuum observation with 4 GHz bandwidth [5] . However, this tolerable value strongly depends on operation temperature of the mixer.
In addition to these requirements, a next-generation large astronomical telescope such as the LMSA (Large Millimeter Submillimeter Array [6] ) and the ALMA (Atacama Large Millimeter/submillimeter Array [7] ) requires easy assembly and easy maintenance of a large number of SIS receivers. The ALMA will be comprised of 64 12m-antennas and observation frequency in atmospheric window is covered with 10 frequency bands (30 -950 GHz). The concept of a modular receiver corresponding to frequency bands is adopted for the ALMA as a cartridge-type receiver [8] . Each cartridge is composed of a state-of-the-art heterodyne receiver with dual polarizations, wide bandwidth and extremely low noise. The cartridge-type receiver is equipped with cooled optics, feed horns, SIS mixers, IF amplifiers, and local oscillators. It has a clear and compatible interface, so that cartridge-type receivers can be developed independently by worldwide receiver engineers. To accommodate the cartridge-type receiver, the concept of automatic thermal link was first proposed by the Rutherford Appleton Laboratory (RAL) for use in the ALMA receivers [9] . Their thermal link was made using flexible braids without screws. However, it is slightly large size.
In addition, noise and gain of a SIS receiver is very sensitive to temperature [5] . For a cryostat to accommodate these receivers, it is indispensable to develop an efficient thermal link which can cool the cartridge-type receiver down to an appropriate temperature. We have developed a simple and efficient thermal link which makes it possible to plug in cartridge-type receivers. This link can be applied to cartridge-type cryostats, in which device under test is installed. * Tel: +81-422-34-3972; fax: +81-422-34-3764.
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Test Cryostat and Cartridge-type Receiver
A cylindrical cryostat (Figure 1a , b) with thermal links has been developed to house a 170 mm or 140 mm diameter cartridge-type receiver for the test purpose. The dimension of the cryostat is 460 mm in diameter and 600 mm in height. The cryostat is cooled by a 3 stage Gifford-Mcmahon (GM) cryocooler (Sumitomo RDK 3ST), which has a cooling power of 0.8 W at 4.2 K, 8 W at 12 K, and 33 W at 80 K with a 7.5 kW compressor (ex., Sumitomo CNA61). Cryocoolers used in other cryostats have 20 − 30 mK temperature ripple at the 4 K coldhead [10] [11] . On the 4 K stage of the cartridge, the temperature ripple is successfully reduced to 1 mK [11] . In this cryostat, the 4 K stage is used for the SIS mixers, optical components such as focusing mirrors, feed horns, a local oscillator (LO) coupler, and polarization grids. Low noise amplifiers (LNAs) are cooled on the 12 K stage. The 80 K stage is used to reduce radiation.
The 4 K and 12 K plates connected to coldheads of the cryocooler are made of oxygen free copper C1050 (OFCu) with 6 mm-thick gold plated. The 80 K plate is made of aluminum 1050 (Al) with a thickness of 6 mm to reduce the weight. These plates are supported by 3 columns of glass fiber reinforced plastic (GFRP), whose dimension is 12 mm in diameter and 3.5 mm in thickness. The connection between the coldheads and the plates has a bellows-like structure to reduce mechanical vibration of the cryocooler [11] .
A cartridge has 3 disk-like stages, whose diameter is 169.0 mm at the 4 K stage, 169.5 mm at the 12 K stage, and 170 mm at the 80 K stage ( Figure 1c ). All stages are made of OFCu. The support structure is a column of 60 mm in diameter and 6 mm in thickness made of GFRP. The outer space of this support structure is used for installation of equipment such as LNAs. The optics which couples the subreflector and feed horns is mounted on the 4 K stage. Alignment of the cartridge to the cryostat is defined by using positioning pins knocked into a bottom flange of the cartridge, if the cartridge has enough strong.
Thermal Link
A thermal conduction of a thermal link is achieved as it clamps the disk-like stage of the cartridge with the external force of a metal spring or nylon. The link is composed of a crown-like ring and a clamping belt as shown in Figure 2 . The link requires only a small space with an extra width of 12.5 mm for a cartridge, so that a cryostat using this thermal link becomes compact. This link weighs about 250 g and can be manufactured at relatively low cost in addition to ease of fabrication.
The crown-like ring comprised of a stem part and contacting head part can be made of a metal such as OFCu or pure Al. The head of the crown-like ring is connected to a cartridge interface which is the side wall of the disk-like stage. The crown-like ring is secured to the cold plate. The crown-like ring has 120 axial slits forming circumferential intervals. Each axial slit extends from adjacent the base portion, across the thin-wall cylindrical intermediate portion and throughout the annular proximal portion. The stem is so thin that it is capable of twisting and bending elastic deformation with respect to the longitudinal axis, so that the contacting surface of the head is capable of tilting in any direction and displacing radially. After slitting the crown-like ring, the each contacting head is smoothly polished.
A clamping belt fitted around the crown-like ring for exerting a force on each the contacting head so as to urge the contact surface of the head against the side wall of the disk-like stage. The clamping belt is a metal spring or nylon ring. The thermal shrinkage of the nylon is much larger than that of the copper, and the nylon ring shrinks and ties up the crown-like ring at low temperatures. The idea of the nylon clamping ring has been proposed by the RAL [9] . The inner diameter of the nylon ring is slightly larger than the diameter of crown-like ring at room temperature.
The lowest conductance part of this thermal link is a thin stem (0.3 mm thickness and 15 mm length), which has flexibility (Figure 2c) . The thermal conductance (G thin ) of this section is calculated with a thermal conductivity of OFCu (λ) as follows.
where λ is thermal conductivity, a is cross-sectional area and L is the length of this section.
A contacting resistance for unit area (R in m 2 K W −1 ) between two materials is modeled empirically [12] as
Thermal conductance of the contacting part is
where P is the pressure of the contacting surface (Pa), and H is the hardness of a softer material (Pa), A is contacting area, is fraction of contact, δ 1 and δ 2 are the maximum surface roughness (δ = 3.4 µm) and δ 0 is a constant of 23 µm. The thermal conductivities of this link are λ 1 = λ 2 = λ (OFCu) ( Table 1 ). The force (F ) of the nylon clamping ring is reported as ∼ 2200 N at 4 K [9] .
Total thermal conductance (G) of two sections is calculated as
The calculations in case of the nylon clamping band are tabulated in Table 1 .
Results
The thermal conductance is measured as follows. 1) The resistances of 50 Ω are placed on the 4 K, 12 K, and 80 K stages of the cartridge as heat loads.
2) The temperatures on the stages of the cartridge (T a ) and on the root of the thermal link (T b ) are measured with silicone diodes.
3) The relation between the temperature difference (T a − T b in kelvin) and the heat load (in Watt) is measured by changing the electric current intensity. The applied heat load is calculated except for power consumption at cables. The measured thermal conductances of the three stages are shown in Figures 3a, 3b and 3c.
The conductance is sufficiently large for SIS receivers of astronomical purpose. If two IF amplifiers for dual polarizations, with power consumption of 50 mW, are mounted on the 4 K stage, the temperature difference at the link is 100 mW/1.7 W K −1 ∼60 mK.
The calculation of conductance is shown in Table 1 . The adjusting parameter is the fraction of contacting area ( ). The surface roughness at the contacting area in the table is assumed from a precision of polishing. If the fraction of contacting area is 0.45, the measured conductance of the three stages is consistent with the calculation to an accuracy of 10 % (Table 1) .
We have fabricated several 170 mm diameter links, and the conductance of each link is roughly consistent within 10 %. We also fabricated 140 mm diameter links and a 140 mm cartridge, and then measured their thermal conductances, which are shown in Figures 4a, 4b and 4c. The value is roughly 10 % lower than that of the 170 mm, which is due to the smaller contacting area. Another benefit of the link is reduction of mechanical vibration of the cryocooler. GM-type mechanical cryocoolers vibrate 30 µm peak-to-peak in the vertical direction at the coldhead, which degrades stability of an SIS receiver [10] [11] . The link is so flexible that it can reduce the vibration. The horizontal and vertical vibration on the cartridge is shown in Figure 5 . The thermal link reduces the mechanical vibration to 6 µm peak-to peak. On the other hand, a strong structure of the cartridge decreases amplitude of the vertical vibration on the cartridge to 3 µm (peak-to-peak). It is essential for the stability of low-noise SIS receiver in radio astronomy.
This thermal link allows us to efficiently develop and maintain sensitive receivers because we need not to perform time-consuming tightening of many screws. If the cartridge is equipped with all components for a receiver, the interface between a cryostat and the cartridge is only thermal connection, so that the interface is clear. With a loading jig of a cartridge-type receiver, the cartridge-type receiver is easily inserted and extracted from the cryostat. To develop a low-noise receiver or detector, this thermal link is useful. We have already developed an astronomical cryogenic system with this link [11] , which accommodates three cartridge-type receivers. In December 2002, astronomical observations by this system in submillimeter and millimeter wavelength were made at 5000 m altitude in the northern Chile.
This simple and compact links have good performance and can be easily fabricated. It can be applied to not only SIS receivers for radio astronomy but also any sensitive sensors to be cooled. 
